The objectives of this study were to elucidate the impact of bird cherry-oat aphid (Rhopalosiphum padi L.) feeding on functioning of the proteolytic machinery in bird cherry leaves. Biochemical analyses proved that R. padi feeding in tissues of primary host stimulated activity of the two major fractions of proteinases (extracted at the optimal pH values: 5.0 and 7.0). Additionally, it has been demonstrated that aphids' feeding on bird cherry led to a decline in levels of albumins and globulins (main protein fractions in P. padus leaves). The opposite tendency, regarding the amounts of these protein fractions was ascertained at the phase of disappearance of R. padi population on tested shoots. Furthermore, it is reported that an increase in activity of the analysed enzymes and a decline in the content of tested protein fractions, were proportional to density of aphid individuals developing on P. padus side shoots. It is hypothesized that long-term R. padi feeding may lead to intensifying the catabolic processing of proteins by the activated proteolytic machinery in bird cherry leaves. The multi-level biological functions of endogenous plant proteinases and their significance in triggering the defense reactions in aphid-infested plant tissues are discussed.
INTRODUCTION
Proteolytic enzymes play a crucial role in formulating plant adaptations towards abruptly changing environmental factors and participate in initializing many biochemical defense reactions launched by various biotic stressors [16, 28, 40] . Partial proteolysis of specific precursor molecules lead to unchain the signal peptides (i.e. systemin), and subsequently activate the expression levels of genes involved in cascades of reactions triggering plant defense mechanisms against pathogens, parasites and phytophage arthropods [15, 20, 25] . The genome of Arabidopsis thaliana L. (a model plant used in molecular biology experiments) contains over five hundred DNA sequences encoding different types of proteinases. It was revealed that these enzymes act as regulatory molecules participating in intra-and intercellular transduction of molecular signals in higher plants. Comparative analysis of gene sequenc-Acta Biologica Hungarica 62, 2011 es encoding of acid and neutral proteases proved the existence of highly conservative regions in DNA within genomes of many species belonging to mono-and dicotyledons [1] . Variety of biological functions of plant proteinases also include: participation in plastid biogenesis and embryogenesis [13, 30] , determining of gametogenesis and sporophyte development [5, 24] , regulation of plant metabolism and sustaining the protein and iron homeostasis [38, 40] . Furthermore, plant proteinases are involved in seed germination, senescence of organs and programmed cell death [8, 33, 39] .
Aphids represent a group of phloem feeding insects stimulating multi-level local and/or systemic defense responses within infested host plants [27, 31] . The involvement of endogenous plant proteases in regulation of protein processing leading to triggering the defense reactions in aphid-infested plant tissues is still not well understood. An analysis of a sparse published data suggests that feeding of herbivores may activate the proteolytic machinery in infested plant hosts [29, 34] . In this context, it is hypothesized that long-term feeding of the bird cherry-oat aphid (Rhopalosiphum padi L.) on its primary host (the bird cherry, Prunus padus L.) may intensify the catabolic processing of proteins in infested leaves. Verifying the hypothesis was performed in two phases: 1) assaying the activity of two main fractions of proteinases: acid and neutral (isolated at their optimal pH 5.0 and 7.0, respectively) in bird cherry leaves, 2) determining the content of albumins and globulins, two major protein fractions occurring in P. padus leaves.
MATERIAL AND METHODS

Entomological experiments
The experiment concerning the influence of bird cherry-oat aphid feeding on activity of the analysed enzymes (proteinases isolated at pH 5.0 and 7.0) and levels of tested protein fractions (albumins, globulins) in primary host leaves was performed on P. padus shrubs growing in the Municipal Park "Aleksandria" (Siedlce, Poland). When appeared first individuals of R. padi on the bird cherry, a total number of 100 aphid-infested and fully expanded 1-year side shoots of bird cherry were randomly selected and isolated with the use of gauze. Subsequently, the tested shoots were divided into two groups (each comprised of 50 side shoots). One group of shoots was designated for biochemical analyses, whereas the second group was allocated for evaluating aphid populations on its primary host. Additionally, 50 control shoots (without aphids on their surface) were randomly selected and isolated. The entomological observations were conducted at weekly intervals during four consecutive vegetative seasons (2002) (2003) (2004) (2005) . The technique of direct counting of aphid individuals on 50 randomly selected side shoots of the bird cherry was applied. The results were expressed as the average number of aphids per one side shoot.
Plant material
Plant samples for biochemical analyses (leaves originated from 10 aphid-infested and 10 uninfested side shoots of the bird cherry) were collected during five main growth stages of R. padi population (appearance, increase, maximum, decrease and disappearance) developing on isolated side shoots of its primary host ( Table 1) . Extractions of acid and neutral proteinases (isolated at their optimal pH 5.0 and 7.0, respectively) and tested protein fractions (albumins and globulins) were performed from the acetone powder prepared according to the method described by Whitaker [36] .
Proteinase assays
Acid proteinases (extracted at pH 5.0)
The procedure of determining the activity of acid proteinases was carried out using the method of Myczkowski, modified by Ciepiela [9] . Analysed fraction of proteinases was extracted by homogenization of 500 mg acetone powder of bird cherry leaves with 25 cm 3 0.05 M (pH 5.0) citrate buffer for 20 min. Obtained extract was filtered through two layers of gauze and centrifuged at 1800 × g for 20 min. Subsequently, the supernatant was subjected to dialysis against deionized water for 24 h at 4 °C. After that procedure, the supernatant was centrifuged as described above and used to determine the activity of tested proteinases. The reaction mixture included 1 cm 3 of enzymatic extract and 4 cm 3 0.5% casein in citrate buffer (pH 5.0). Samples were incubated in a water bath at 30 °C for 1 h. The quantitative analysis of protein in mixtures (before and after enzymatic reaction) was performed using the method of Lowry et al. [14] . The content of protein in tested samples was measured with the use of a calibration curve, prepared for the following solutions of casein: 0.25, 0.5, 1.0, 2.0 and 3.0 mg • cm -3 . The activity of tested proteinases was expressed as the amount of casein (in milligrams) cleaved for 1 h calculated for 1 mg of enzymatic protein. Neutral proteinases (isolated at pH 7.0)
Screening the activity of neutral proteinases was performed using the method described by Ciepiela [9] . For this purpose, 500 mg of acetone powder of plant material was homogenized with 25 cm 3 0.18 M Tris-HCl buffer (pH 7.0) for 20 min. Attained mixture was filtered through two layers of gauze and centrifuged at 1800 × g for 20 min. Preliminary purification of the supernatant was carried out with the use of dialysis at the same conditions as described in passage 1. The reaction mixture contained 1 cm 3 of enzyme solution and 2 cm 3 0.5% casein in Tris-HCl buffer (pH 7.0). Samples were incubated in a water bath at 30 °C for 1 h. The further analytic procedure was performed according to description in passage 1.
Quantification of albumins and globulins
Fractional extraction of analysed protein fractions (albumins and globulins) from bird cherry leaves was performed according to the method of Chen and Bushuk [7] . The protein content in both tested fractions was measured using the procedure of Lowry et al. [14] . 
Statistical analyses
RESULTS
Population dynamics of R. padi on tested side shoots of the bird cherry
Entomological observations of R. padi abundance on isolated bird cherry side shoots were conducted during four consecutive vegetative seasons (2002) (2003) (2004) (2005) . It has been found that first individuals of the bird cherry-oat aphid appeared on its primary host in April, whereas the decline of aphids' abundance on tested shoots was noted in the second decade of April (in 2002) or during May (2003-2005 years). It was noted that at phase of maximal R. padi abundance on isolated bird cherry shoots, the highest values of aphid density was reached in 2002, whilst the lowest in 2005 (261 and 115 aphid individuals per side shoot, respectively). Furthermore, it was ascertained that the average duration of population growth of bird cherry-oat aphid on tested shoots (calculated for 4-year period) was approx. 50 days (Fig. 1) .
Effect of R. padi feeding on activity of the acid and neutral proteinases within bird cherry leaves
Results of enzymatic analyses proved that levels of the proteolytic activity of both tested fractions of proteinases (acid and neutral -isolated at pH 5.0 and 7.0 in uninfested leaves of bird cherry gradually increased during ontogenetic development of these organs (Table 2) . It was pointed out that differences in levels of the activity of analysed enzymes were statistically significant between individual terms of leaves' collection for biochemical analyses. The differences were not confirmed only between average values obtained for the last two terms, the decreasing abundance and disappearance of R. padi from the bird cherry. Data concerning changes in activity of the acid and neutral proteinases within bird cherry leaves stimulated by R. padi feeding in the years 2002-2005 are presented in Table 2 . It was shown that infested leaves of P. padus were characterized by the higher activity of analysed groups of proteinases when compared to control samples (without aphids). The highest enhancement of activity of acid proteinases was noted at the phase of increasing and maximal abundance of the bird cherry-oat aphid on its primary host. The activity of neutral proteinases was the highest during the maximal abundance of R. padi and at the decreasing stage of aphids' number on the bird cherry. Simultaneously, the lowest degree of increase of proteolytic activity occurred Data are presented as 4-year means ± SD; n = 4. AP -acid proteinases, NP -neutral proteinases, U -uninfested leaves, I -infested leaves; * -differences in the activity of analysed enzymes between infested and uninfested leaves of bird cherry significant at p ≤ 0.05; ** -differences significant at p ≤ 0.01 (Student's t-test). Different letters in rows (calculated for AP and NP separately) indicate significant differences in the activity of analysed enzymes within uninfested leaves of P. padus during their ontogenetic development (p ≤ 0.01, Duncan's multiple choice test).
h. sytykiewiCz et al. Data are presented as 4-year means ± SD; n = 4. Alb -albumins, Glb -globulins, U -uninfested leaves, I -infested leaves; * -differences in content of the analysed protein fractions between infested and uninfested leaves of bird cherry significant at p ≤ 0.05; ** -differences significant at p ≤ 0.
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(Student's t-test). Different letters in rows (calculated for
Alb and Glb separately) indicate significant differences in content of the analysed protein fractions within uninfested leaves of P. padus during their ontogenetic development (p ≤ 0.01, Duncan's multiple choice test).
at the phase of initial appearance and disappearance of the bird cherry-oat aphid on its primary host. The statistical analysis proved that differences between average values of the activity of acid proteinases between infested bird cherry leaves and control samples (organs without aphids) were significant only at the phase of increasing and maximal abundance of R. padi. Moreover, it confirmed the significance of differences in levels of neutral proteinases' activity at the increase, maximal and decrease stages of R. padi population development on the bird cherry.
Effect of R. padi feeding on levels of albumins and globulins in bird cherry leaves
Biochemical analyses revealed that levels of the analysed protein fractions (albumins and globulins) in uninfested P. padus leaves during their ontogenetic development in the years 2002-2005, significantly decreased from the phase of appearance to maximal aphid abundance (Table 3) . It has been established that during the last two stages of aphid population development (decrease and disappearance) fluctuations occurred in content of tested protein fractions in non-infested bird cherry leaves. Additionally, it was ascertained that albumins were predominant protein fraction (approx. 2-fold higher level in comparison with the fraction of globulins). Obtained results indicated that the bird cherry-oat aphid infestation evoked a decline in the amount of albumins and globulins in bird cherry leaves when compared to the control. The opposite tendency was noted only at the phase of disappearance of R. padi population on tested primary host shoots. Statistical analyses revealed that the aphid-induced decline in levels of analysed protein fractions was significant at increasing, maximal and decreasing abundance of R. padi on tested bird cherry shoots. On the other hand, the increase in concentration of albumins and globulins at the phase of aphid disappearance from its primary host was not significant.
DISCUSSION
Aphids embrace the largest and most important group of phloem-feeding insects with a worldwide distribution. Harmful effects of these herbivores on infested plants are connected with mechanical disruption of tissues, injecting salivary secretions containing biologically active substances (often possessing toxic or/and regulatory effect on processing of the host metabolic reactions), and participation in transmission of viruses and other plant pathogens [18, 32] . Furthermore, the long-term aphids feeding in sieve elements and sucking of phloem sap may inhibit the development of generative and vegetative plant organs as the consequence of disturbances in the running of transpiration, cellular respiration and photosynthesis processes. Intricacy of multilevel interactions between aphids and their host plants is associated with eliciting the plant defense mechanisms and requirement to overcome these reactions by aphids, on the other hand. An example of modulating or suppressing of complex host responses is involved with counteracting the coagulation of phloem proteins (p-proteins) and callose formation in the sieve elements to sustain the continuous feeding process [4, 10, 11] . In recent years, many authors have emphasized the importance of secretions in aphid watery saliva (i.e. calcium-binding proteins) ejected into the phloem vessels via a piercing-sucking mechanism in order to manipulate the plant responses [6, 11] .
This study provides evidence for the aphid-induced stimulation of proteolytic machinery in bird cherry leaves infested by R. padi. The bird cherry-oat aphid feeding elicited the rise in activity of both analysed proteinases (acid and neutral) in primary host leaves during four studied seasons (2002) (2003) (2004) (2005) . The highest activity of acid proteinases was noted at the increasing and maximal abundance of aphids, whereas activity of the neutral proteinases was the highest during the maximal abundance of R. padi and at the decreasing stage of aphids' number on its primary host. Similar tendency was attained by Sprawka et al. [29] who demonstrated that feeding of wingless females of the grain aphid (Sitobion avenae F.) on ears of winter triticale var. 'Lamberto' and 'Fidelio' led to an increase in activity of both tested groups of proteinases (acid and neutral). Significant enhancement of the proteolytic activity in infested organs proves a high intensity of proteolysis and releasing signal peptides in plants [21, 34] . The present study also established a decline in levels of both analysed protein fractions (albumins and globulins) in bird cherry leaves attacked by R. padi. On the other hand, revealed protein depletion may be affected by elevation of endogenous proteolytic machinery within infested organs in response to biotic stressor and intensive long-term sucking the large amount of phloem sap by aphids during host infestation.
According to van der Hoorn and Jones [34] , herbivores may trigger the activity of plant proteinases by: 1. releasing of an elicitor after proteolysis of intruder proteins (product of this reaction functions as a factor initializing plant defense reactions), or 2. elicitor bounding by proteinases with subsequent hydrolysis (increase in activity of these enzymes that stimulates different defense mechanisms). Partial proteolysis of specific precursor molecules leads to a release of signal molecules that activate the defense reactions in infested plants. Some authors emphasize the involvement of plant proteinases in adaptation of plants towards biotic stresors: pathogens, parasites and phytophage arthropods [2, 22, 26] . Plant proteinases are involved in catabolic cleavage of proteins in specific cell compartments. This process affects an increase in the pool of free amino acids that may be used in building the structures of proteins or peptides. Gruis et al. [12] and Müntz et al. [19] ascertained that proteinases regulate an accumulation and mobilization of storage proteins during seed maturing and at the stage of senescence of plant organs. The role of analysed enzymes is not restricted only to sustaining the protein homeostasis in plant cells-proteinases cleave damaged or unnecessary proteins during specific phases of cell cycle. Furthermore, a very important function of characterized enzymes is connected with protein folding in vivo. This process occurs in hyaloplasma and is related with a partial hydrolysis of peptide chains during post-translational modifications of proteins [5] . Results of enzymatic experiments conducted by Matarasso et al. [17] proved that endogenous proteinases play a more crucial role in higher plants than it has been assumed. Cysteine proteinase LeCp plays a dual biochemical function: in leaves of Lycopersicon esculentum /Mill./ is associated with catabolism of cytoplasmic proteins, whereas in the nucleus there is a transcriptional factor that bounds promoter of Acs gene (responsible for biosynthesis of 1-aminocyclopropane-1-carboxylic acid /ACC/ synthase). Additionally, Bolter et al. [3] claim that intramembrane proteolysis is a basic process that possesses fundamental significance for regular growth of plant cells in vivo. However, specific type of proteinases, called metacaspases, is involved in apoptosis during embriogenesis and plant defense reactions towards different biotic stressors [23, 35, 40] .
The comprehensive understanding the phenomenon of aphid-induced stimulation of proteolysis in host tissues is quite complicated. One possible explanation for the enhanced reactivity of the proteolytic machinery in infested bird cherry leaves may be resulted as aphid-elicited biochemical responses that boost activity of the endogenous proteinases. The additional hypothetical factor that may participate in elevating proteolytic processing is the presence of proteinases in aphid watery saliva. It should be underline that there is a lack of published evidence confirming that R. padi produces any proteinases in its salivary glands. Conversely, proteomic analyses performed by Carolan et al. [6] have proved the occurrence of two proteinases in the salivary of the pea aphid (Acyrthosiphon pisum Harris). However, it remains unclear whether aphids synthesize salivary proteinases that are able to digest proteins directly in plant tissues [37] . Salivation process and the salivary constituents of different aphid species should be researched further to solve the question.
In conclusion, the obtained results support the hypothesis that the long-term R. padi feeding evoke the local enhancement in activity of the proteolytic machinery in aphid-infested leaves of its primary host. Analysed fractions of proteinases may be considered as significant components maintaining the cell in a state of dynamic protein homeostasis and important biochemical indicators of host plant adjustment to a highly complex biotic stressor.
